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Introduction 

At  present  heightened  interest  of  the  researches  is  aimed  at  study  of  the  stationary  and 
non-stationary  streamwise  localized  disturbances  caused  by  the  importance  of  their  role  during 
laminar-turbulent  transition  in  various  shear  flows.  It  is  known,  that  the  distortion  of  mean 
velocity  profiles  in  shear  flow,  i.e.  presence  on  them  of  inflection  points,  result  in  such  flow  to 
instability  concerning  to  secondary  high-frequency  disturbances.  The  concept  of  secondary 
high-frequency  instability  is  confirmed  by  numerous  experimental  studies,  in  particular  for 
near-wall  shear  flows,  in  which  the  flow  is  modulated  in  a  spanwise  direction  by  streamwise 
stationary  vortices  such  as  Goertler  vortices  [1]  and  cross-flow  vortices  on  swept  wings  [2],  The 
modulation  of  mean  flow  by  such  vortices  creates  local  velocity  gradients  both  on  a  normal  to  a 
surface  (3U/3y),  and  in  a  spanwise  direction  (dU/dz).  Just  in  regions  with  inflection  points  on 
velocity  profiles  the  secondary  disturbances  begin  to  grow.  The  streamwise  disturbances, 
localized  in  spanwise  direction  can  be  stationary  and  non-stationary.  Typical  example  of  such 
disturbances  are  so-called  streaky  structures,  which  observed  in  a  boundary  layer  at  high  free 
stream  turbulence  or  in  a  viscous  sublayer  of  a  turbulent  boundary  layer.  The  streaky  structures 
for  the  first  time  are  modelled  in  experiments  [3].  The  measurements  have  shown,  that  on  these 
structures  can  arise  (for  the  various  reasons,  including  their  interaction  with  high-frequency 
waves)  the  secondary  disturbances,  which  development  downstream  results  in  the  turbulent 
spots  origination.  As  well  as  in  case  of  stationary  streamwise  structures,  the  non-stationary 
streaky  structures  travelling  downstream  locally  distort  mean  flow.  In  this  case,  the  local 
instability  regions  can  to  provoke  the  secondary  disturbances  growth. 

Instability  of  jet  flows  usually  connects  to  instability  of  vortical  rings,  so-called  Kelvin  - 
Helmholtz  vortices.  Dynamics  of  development  process  and  breakdown  of  the  ring  vortices  was 
studied  by  many  investigators,  for  example  [4],  The  numerous  theoretical  and  experimental 
researches  of  a  streamwise  vortical  structures  role  during  turbulisation  of  free  shear  flows,  for 
example  of  jets  were  conducted.  The  streamwise  structures  form  in  regions  between  the 
neighbouring  vortical  rings  and  essential  influence  on  processes  of  the  flow  mixing  and  dynamics 
[5].  In  comparison  with  the  round  jet  the  flat  jet  is  investigated  much  better.  The  theory  describing 
life  cycle  of  the  coherent  structures  in  a  shear  layer  was  found.  In  this  case  the  mixing  process  in  a 
shear  layer  is  determined  in  main  of  the  Kelvin  -  Helmholtz  vortices.  Between  these  vortices,  just 
as  in  a  round  jet,  the  streamwise  vortices  arise  and  develop.  However  during  development  of  a  flat 
jet  their  role  is  negligible  [6],  in  comparison  with  a  round  jet. 

Thus,  the  role  of  streamwise  structures  during  transition  to  turbulence  both  in  near-wall 
and  in  free  shear  flows  in  many  cases  is  determinative.  The  purpose  of  present  study  is  the 
analysis  of  results  of  experimental  researches  of  mechanisms  of  origin,  development  and 
transition  to  turbulent  state  of  the  various  shear  flows  with  the  streamwise  structures  which  have 
been  carried  out  of  late. 
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1.  Boundary  layer 

Stationary  streamwise  vortices.  As  is  known,  the  instability  of  boundary-layer  flows  on 
concave  surfaces,  swept  wings  and  in  some  other  cases  results  in  origin  of  the  streamwise 
stationary  vortices.  The  reason  of  their  occurrence  in  the  first  case  are  the  centrifugal  forces  and 
in  second  case  are  crossflow  caused  by  the  secondary  flow  over  a  wing  which  leading  edge  is 
inclined  under  an  angle  to  the  basic  flow.  Origin  of  such  vortices  involve  a  primary  instability 
of  the  flow.  The  transition  to  turbulence  in  considered  cases  is  connected  to  development  of  the 
secondary  high-frequency  disturbances  in  regions  with  unstable  velocity  profiles  both  in 
spanwise  and  in  normal  to  a  wall  directions.  Such  instability  of  profiles  is  created  by  the  flow 
modulation  by  streamwise  stationary  vortices.  Studies  in  [7]  of  "natural"  transition  has  shown, 
that  the  high-frequency,  secondary  disturbances  such  as  travelling  waves  were  observed  on  the 
stationary  vortices.  Origin  of  the  secondary  vortices,  which  are  superimposed  on  the  primary 
stationary  vortices  and  are  spread  along  them  is  preceded  the  transition  to  turbulence.  In  the 
majority  of  the  studies  the  qualitative  characteristics  (visualization  pictures)  perturbed  flow  in 
three-dimensional  boundary  layers  are  shown  mainly,  however  the  quantitative  information 
concerning  the  disturbances  origin  and  development  in  conditions  of  a  spanwise  modulation  of 
the  flow  is  necessary  for  the  analysis  of  the  transition  process  in  them.  Such  information  can  be 
obtained  in  controlled  experiments,  that  allows  in  more  details  to  study  the  mechanism  of  either 
"natural"  (uncontrollable)  phenomenon,  as  a  rule,  it  is  proceeded  simultaneously  with  processes 
of  other  physical  nature.  Method  modelling  of  a  three-dimensional  stationary  distortion  of  the 
flat  plate  laminar  boundary  layer  was  designed  and  applied  in  work  [8].  Should  be  taken  on  the 
important  result  obtained  in  this  work  for  the  travelling  waves:  the  increasing  factors  of  the 
disturbances  amplitudes  in  a  modulated  boundary  layer  are  less,  than  in  case  of  a  flat  plate 
unperturbed  boundary  layer.  Hence,  a  stationary  disturbed  boundary  layer  is  more  steady 
concerning  of  Tollmien  -  Schlichting  waves  effect  than  undisturbed.  It  should  be  noted,  that  at 
the  presence  of  the  stationary  vortices,  the  dependence  of  the  phase  velocity  of  the  waves 
concerning  of  their  propagation  angle,  i.e.  dispersion,  has  not  observed.  In  experiments  [9]  the 
vortices  in  a  boundary  layer  were  generated  by  roughness  elements  located  periodically  on  a  flat 
plate  along  z  axis  (Fig.  l,a). 


Fig.  1.  Schemes  of  the  transition  in  the  flat  plate  (a)  [9]  and  swept  wing  (b)  [12]  boundary  layers  modulated  by 
streamwise  structures.  1  -  spanwise  velocity  distribution;  2  -  roughness  elements;  3  -  streamwise  structures; 
4  -  secondary  disturbances;  5  -  turbulence.  Secondary  disturbances  were  excited  by  vibrating  ribbon  (a), 

acoustic  and  blowig-suction  (b). 
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In  such  case  the  experiment  is  modelled  a  transition  in  flow  above  a  concave  surface.  The 
transition  inside  stationary  vortices  is  provoked  by  amplification  of  the  small  amplitude  waves 
created  by  a  vibrating  ribbon.  The  detected  travelling  disturbances  have  the  inviscid  nature  and 
are  connected  to  instability  of  a  sinusoidal  type  [3].  As  the  flow  simple  enough,  it  has  allowed 
in  details  to  study  the  characteristics  of  waves  and  transition  to  turbulence.  The  similar 
mechanism  of  breakdown  of  a  streamwise  stationary  vortex  of  large  intensity  generated  in  a 
boundary  layer  of  a  swept  wing  with  the  help  of  roughness  elements  is  studied  in  a  work  [10] 
(Fig.  1,  b).  In  a  swept  wing  boundary  layer  in  "natural"  conditions  [11]  the  packet  of  waves 
travelling  on  stationary  vortices  is  found.  Downstream  development  of  this  packet  result  in 
turbulence.  It  is  shown,  that  the  acoustic  field  with  frequency  relevant  to  a  natural  wave  packet 
excites  the  travelling  disturbances,  which  grow  downstream  and  the  laminar-turbulent  transition 
in  this  case  is  moved  upstream.  The  higher  harmonics  generation  process  at  nonlinear  stage  of 
the  travelling  waves  development  is  fixed.  On  the  basis  of  these  results,  the  basis  pair  of  the 
"natural"  small  intensity  stationary  vortices  on  a  swept  wing  are  modelled  and  the  development 
characteristics  both  vortices  and  high-frequency  disturbances  travelling  on  them  were  studied 
[12].  It  is  shown,  that  the  mean  velocity  distributions  and  streamwise  velocity  fluctuation 
component  in  spanwise  direction  are  various  for  each  structure.  The  range  of  linear 
development  of  secondary  disturbances  is  determined  and  their  characteristics  are  investigated. 
Decrease  of  the  distance  between  vortices  due  to  the  modification  of  the  roughness  element 
length  in  spanwise  direction  result  in  vortices  interaction.  It  is  experimentally  found,  that  the 
disturbances  development  on  a  single  vortex  is  similar  to  instability  growing  on  the  vortices 
group  with  large  periodicity  in  spanwise  direction.  Vortices  interaction  becomes  essential  with 
reduction  of  distance  between  them:  than  it  is  less  growth  rates  of  travelling  waves  become  less. 
It  is  explained  by  distributions  of  the  streamwise  and  normal  velocity  components  in  vortices. 
The  amplitude  of  waves  in  all  considered  cases  was  greatest  near  to  maxima  of  shear  (gradients) 
of  velocity  in  a  spanwise  direction.  It  testifies  that  the  behaviour  of  disturbances  can  be 
determined  by  mechanisms  of  an  inflexion  (inviscid)  instability. 

Nonstationary  streamwise  vortices.  In  a  flat  plate  boundary  layer  the  localized  three- 
dimensional  disturbances  generated  by  roughness  elements  [13]  or  various  transient 
disturbances  [14]  result  in  generation  of  streamwise  vortical  structures,  which  locally  change  a 
spanwise  flow  pattern  and  create  the  conditions  for  secondary  instability.  The  A-structures  of 
nonlinear  stage  of  the  classical  transition  concern  to  the  nonstationary  localized  disturbances. 
Modelling  of  a  single  A-structure  in  a  flat  plate  boundary  layer  [15]  have  shown,  that  depending 
on  the  disturbance  amplitude  can  exist  both  the  decreasing  and  increasing  A-structures. 
Moreover,  when  interacting  the  decreasing  A-structure  and  the  high-frequency  wave  with 
intensity  less  than  1  %  the  high-frequency  wave  packet  is  generated  on  the  A-structure  "legs" 
which  develops  downstream  and  this  process  result  in  transformation  of  the  A-structure  into  the 
turbulent  spot.  At  a  high  free  stream  turbulence  the  continuous  penetration  of  the  disturbances 
from  free  stream  into  a  boundary  layer  results  in  excitation  of  the  streamwise  structures  (streaky 
structures)  locally  modulating  a  boundary  layer  [3].  In  these  flows,  as  well  as  in  case  of 
transition  of  a  three-dimensional  boundary  layer  modulated  by  stationary  vortices,  the  transition 
to  turbulence  is  connected  to  stability  of  streamwise  vortical  structures.  The  streaky  structures 
are  observed  also  in  a  viscous  sublayer  of  a  turbulent  boundary  layer.  Origin  of  these  structures 
is  explained  by  so-called  "lift-up  effect"  described  within  the  framework  of  the  algebraic 
instability  theory  [16].  In  contrast  with  the  stationary  vortices,  the  streaky  structures  have  a  very 
weak  vorticity  and  represent  the  narrow  layers  of  a  liquid  with  defect/excess  velocity  alternating 
in  a  spanwise  direction.  Nevertheless  instability  of  the  flows  modulated  by  streaky  structures  is 
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connected  to  the  spanwise  velocity  gradients,  as  well  as  in  case  of  their  modulation  by 
stationary  vortices.  This  statement  is  confirmed  by  the  experiments  in  controlled  conditions  on 
the  basis  of  which  the  transition  scenario  at  high  free  stream  turbulence  is  suggested  [3] .  The 
development  of  the  secondary  high-frequency  disturbances  in  the  field  of  unstable  mean 
velocity  profiles  on  spanwise  direction  in  flow  with  streaky  structures  results  in  origin  of  high- 
frequency  packets  which  transforms  into  the  turbulent  spots  downstream.  The  present  process 
can  occur  as  at  interaction  of  a  to  a  high-frequency  wave  and  as  a  result  of  the  increase,  under 
certain  conditions,  of  high-frequency  component  contained  inside  of  the  streaky  structure  [3], 
Thus,  the  analysis  of  results  of  the  experimental  studies  which  have  been  carried  out  recently 
shows,  that  the  transition  to  turbulence  in  boundary  layers  with  the  streamwise  stationary  and 
nonstationary  localized  disturbances  is  connected  to  development  on  them  of  secondary  high- 
frequency  disturbances. 

2.  Jet  flows 

Round  jet.  The  studies  of  a  round  jet  development  dynamics  have  shown,  that  the 
streamwise  structures  localized  in  region  of  a  jet  shear  layer  originate  directly  on  a  nozzle  outlet 
due  to  the  lift-up  effect.  Development  dynamics  of  these  structures  is  similar  to  development 
dynamics  of  the  streaky  structures  in  a  boundary  layer  [17].  In  particular,  in  controlled 
conditions  is  shown,  that  on  them  the  secondary  high-frequency  disturbances  can  develop  that 
results  in  acceleration  of  a  jet  turbulisation.  The  natural  streaky  structures  observed  near  to  the 
nozzle  outlet  at  Re=10  600  were  reproduced  by  artificially  with  help  of  the  roughness  elements 
pasted  on  an  inside  nozzle  surface  which  sizes  correlated  with  a  scale  of  the  "natural" 
streamwise  structures.  The  high-frequency  disturbance  was  introduced  through  a  small  hole  on 
the  nozzle  surface  located  near  to  a  roughness  element  with  help  of  the  air  blowing-suction.  The 
interaction  of  a  streaky  structure  with  a  high-frequency  disturbance  results  in  growth  of  this 
streaky  structure  intensity  (Fig.  2).  Disturbance  intensity  is  increased  downstream  and  the  next 
streaky  structures  are  involved  in  this  process.  The  jet  turbulisation  is  accelerated.  Thus,  is 
shown,  that  the  instability  of  the  round  jet  can  be  connected  to  origin  of  the  streamwise 
localized  disturbances  (streaky  structures)  directly  on  the  nozzle  outlet. 


Fig.  2.  Streamwise  structures  in  the  round  jet  and  their  secondary  instability  [17].  Experimental  set-up  (a): 
1  -  source  of  secondary  disturbances,  2  -  roughness  elements;  Visualization  pictures  of  the  jet  in  y-z  plane  (b): 
1,3-  with  secondary  disturbances,  2, 4  -  without  secondary  disturbances;  x  =  8  mm  (1,3),  x  =  16  mm  (2,4); 
Visualization  pictures  of  the  jet  in  x-y  plane  (c),  x  =  28  mm;  Lk=4  m/s. 
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The  instability  of  the  streaky  structures  to  high-frequency  secondary  disturbances 
promotes  acceleration  of  the  jet  turbulisation.  The  present  result  agrees  with  results  of  the 
instability  study  of  the  boundary  layer  modulated  by  streaky  structures. 

Flat  jet.  Studies  of  the  plain  jet  in  a  nearfield  [18]  have  shown,  as  in  this  case  there  can  be 
streaky  structures  (Fig.  3). 


a 


b 


Fig.  3.  Streamwise  structures  in  the  plane  jet  [18].  Experimental  set-up  (a);  Visualization  pictures  of  the  plane  jet  (b): 
1  -  in  x-z  plane,  2  -  in  y-z  plane;  Uc<=7.3  m/s,  x=8  mm. 


In  contrast  to  of  the  round  jet  the  secondary  disturbance  develops  only  on  the  streaky  structure 
where  it  was  artificial  is  exited  not  involving  in  this  process  the  next  structures. 

Conclusions 

The  analysis  of  the  laminar-turbulent  transition  has  shown,  that  in  various  shear  flows, 
such  as  boundary  layers  and  jets,  are  observed  the  streamwise  localized  structures.  In  this  case, 
the  breakdown  mechanism  of  a  laminar  flow  is  connected  to  the  secondary  high-frequency 
instability  of  the  flows  modulated  by  such  streaky  structures.  This  process  is  qualitatively 
identical  both  for  the  stationary  and  nonstationary  streamwise  localized  structures,  such  as 
Goertler  vortices,  crossflow  vortices  on  a  swept  wing,  streaky  structures  at  a  high  free  stream 
turbulence  and  also,  probably,  for  the  coherent  structures  of  a  viscous  sublayer  of  a  turbulent 
boundary  layer.  For  more  clear  understanding  of  the  mechanism  of  laminar-turbulent  transition 
and  capabilities  of  control  of  this  process  are  necessary  further  studies  of  the  development 
characteristics  of  these  structures  and  their  secondary  high-frequency  instability. 
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